Abstract. This paper presents a review of application of discrete wavelet transform in power system transient analyses. Based on the discrete time domain approximation, the system components such as resistor and inductor are modeled respectively in discrete wavelet domain for the purpose of transient and steady state analyses. Numerical results for transient inductor model can be implemented by any kind of power system including normal and emergency operating modes.
Introduction
A wavelet transform (WT) is a mathematical tool for analyzing signals. Wavelet analysis is well suited to nonperiodic signals that may contain both stationary components and transient signals, such as the ones that can be found in power quality disturbances. The capacity of wavelets to adapt the window size improves the analysis of these types of nonstationary signals. Originally introduced in a group-theoretic setting, WT was soon realized to have powerful applications in various fields, which include analysing electric power systems [1] , transient and steady state study electrical circuits [2] or analyzing power quality [3] . Harmonic, interharmonic, and subharmonic distortion can be studied using different WTs, in both stationary and nonstationary conditions, showing better performance in the measurement of time-varying waveform distortion [4] .
The advantage of WT is that the band of analysis can be adjusted so that high frequency components and low frequency components can be detected precisely. Results from the wavelet transform are shown on both the time domain and the frequency domain.
Reference [4] provides extensive bibliographic review of applications of WTs in the measurement and analysis of harmonic distortion in power systems, discussing the performance of the different methods proposed in the technical literature.
Wavelet theory
Basically WT decomposes a given function f into its components on different scales or frequency bands. This is done by convoluting f with the translated and dilated
In Equation (1) ) (t f is the signal to be analyzed, \ F is the wavelet transform of ) (t f based on mother wavelet ) (t \ , and b and a are the shift and dilation parameters, respectively. Each wavelet is created by scaling and translation operations in a special function called mother wavelet. A mother wavelet is a function that oscillates, has finite energy and zero mean value. In timefrequency domain the information regarding both time and frequency are preserved making it better than Fourier transform, i.e. a frequency domain approach. Also, the problem of fixed window size as in short time Fourier transform (STFT) is solved in WT.
A wavelet transform can be divided into a continuous wavelet transform (CWT) and a discrete wavelet transform (DWT). Fig. 1 represents CWT of the nonstationary signal under examination, the CWT giving a clear idea of amplitude, frequency and time variation in three-dimensional space. The calculation of wavelet spectrum under CWT causes substantial computational difficulties at a continuous variation of parameters j and k.
The set of functions ψj,k is redundant, therefore to preserve a possibility of desampling out of its conversion, the sampling of these parameters is necessary. Sampling is often calculated by powers of two.
For the time being Haar wavelets have been replaced by other types of wavelets, but still Haar wavelets are rather comfortable to form theoretical basis of signals examination using wavelet transforms.
For the purpose of numerical analysis, only DWT is briefly introduced here. More detailed information on wavelet theory is available in [5] , [6] .
Transient inductor model
Since we know that the inductor current cannot change its value instantaneously, as otherwise the inductor voltage
would become infinite, it follows that the inductor current immediately after closing the switch, must be the same as the inductor current just before closing the switch:
Consider the RL circuit of Fig. 2 
The Right Formula Backward Difference (RFBD) equations begin with the backward difference approximation of the derivative in discrete time as follows [8] :
Given the equation (6), the equation (3) can be rewritten:
When the discrete wavelet series for ) (t v and ) (t i L are substituted into a scalar version of Equation (7) using Equations (4-5) for the derivative approximation, one obtains (for small t ' )
where
and
The discrete wavelet transform has a fast recursive form that is most easily implemented using bank theory [9] . This algorithm requires only
steps required by the FFT. Fig. 4 shows a simplistic way of looking at a wavelet decomposition of signal. of length N (number of simples) to 2 set of coefficients: approximate coefficients A1 by low pass filter and detail coefficients D1 by high pass filter. The length of each filter is equal to half of original length by down sampling function. The next step splits the approximate coefficients A1 in two parts again by the same process but replaces by A1 and produces A2 and D2 and so on. Thus, if the decomposition stopped at this point, the approximation of the signal at level j could be reconstructed by the sum of the approximation at level j+1 and the details at level j+1. That is
Since the wavelet and scaling functions have the aforementioned properties of orthonormality, one may view the Equation (8) as a linear combination of the detail coefficients and the approximation coefficients.
In the Multiresolution analysis (MRA) theory described by Mallat [5] , a wavelet expansion of function (in this case function of inductor current and voltage) will have the form:
In equation (12-13) the superscripts D and A represent the detail and approximation coefficients.
Based on Parseval equality one can calculate the effective current within the required range of frequencies. In this paper the effective elementary frequency (50 Hz) can be obtained by approximation and detailed wavelet coefficients of the third level decomposition (in this case a maximum one): The task of wavelet analysis implementation for the voltage and current sine -wave signals distortion identification in industrial power systems with the wavelet carrier choice being substantiated is solved in [5] . The author examines the applicability of more than ten types of wavelets in power quality indices determination tasks. The four types of wavelets are presented in this paper (Table 1 ). With the wavelets specified we may define the effective currents of elementary frequency and higher harmonics with the subsequent waveform distortion factor being determined. (2016) exceeding 2%. The proposed techniques of defining harmonic composition of current or voltage and the modern methods of active filtering of higher harmonics [6] , [8] may help solve the tasks of power quality using the advantages of wavelet transform.
The decomposition of the signal into different frequency bands is simply obtained by successive high pass and low pass filtering of the time domain signal. The original signal
is first passed through a half-band high pass filter g[n] and a half-band low pass filter h[n]. The half-band low pass filter removes all frequencies that are above half of the highest frequency, while the half-band high pass filter removes all frequencies that are below half of the highest frequency of the signal. The low pass filtering halves the resolution, but leaves the scale unchanged. The signal is then subsampled by two since half of the number of samples is redundant, according to the Nyquist's rule [10] . There are many perfect reconstruction filters . We may notice that Haar filter is the first Daubechies filter.
Nunerical experiment results
In this section a simple differential equation (3) is solved using proposed in [8] Right Formula Backward Difference method.
Steps of DWT analysis procedure
Step 1. Chose the type of wavelet. One reason for the popularity of wavelet technique is the vast choices of wavelets as the basis function, compared to the fixed choice of sine and cosine functions for Fourier analysis. This enables wavelet analysis to be adapted according to the expected characteristics of the signal. A coarse (irregular) wavelet is more suitable for a signal with sharp or abrupt transitions, while those smooth ones are better analyzed using regular wavelets. A mother wavelet is chosen by the user for the analysis. The selection of the mother wavelet is not a trivial issue. Different mother wavelets have different attributes which may or may not benefit in the analysis. Therefore the selection of the appropriate mother wavelet may be crucial [8] . We shall take Haar wavelet for the numerical experiment, which can be described as: Step 2. Forward DWT with the selected wavelet filter, MRA decomposition scheme is performed on the system input signals to get their wavelet transform coefficients (Equations 4-5).
Step 3. Solve system equivalent circuit in wavelet domain. Step 4. Time-frequency response analysis: with the equivalent circuit, system transfer function in wavelet domain can also be set up. thus the characteristic of system time-frequency response can be easily achieved.
A jk

A Ljk
Step 5. Inverse DWT The MRA reconstruction scheme is performed on the wavelet transform coefficients of output signal to obtain their waveform in discrete time domain. 
Conclusion
This paper has presented a method for transient analysis of electric power systems. This method, referred to as the wavelet recursion method, makes use of a relatively new mathematical tool, the wavelet transform, which has certain benefits over techniques such as Fourier analysis when analyzing transient and nonstationary signals. Through the application of operator representation theory, the system component models in the wavelet domain are set up. Proposed in [2, 8] models can be implemented by any type of orthogonal wavelet transform. Once the discrete time domain models are obtained, wavelet domain models can be easily calculated by MRA decomposition scheme.
An assessment of the advantages and disadvantages of the wavelet recursion method are as follows [8] : -The DWT produces sparse representations of signals, thus sparse matrix techniques could be applied to this method to improve speed. -In many cases, the wavelet recursion method converges relatively fast. -Wavelet analysis software is readily available and adaptable to a variety of applications, including power engineering.
-Matrix inversions (at most, one inversion per level of decomposition) may be required.
In this paper the resistor model is considered as a scalar, the inductor model is based on the differential operator. The proposed scheme is suitable for transients and time varying analysis. Along with the proposed procedure, a switching of inductor is used as an example in this paper.
